Processing of amyloid precursor protein (APP) by gamma-secretase is the last step in the formation of the Abeta peptides associated Alzheimer's disease. Solid-state NMR spectroscopy is used to establish the structural features of the transmembrane (TM) and juxtamembrane (JM) domains of APP that facilitate proteolysis. Using peptides corresponding to the APP TM and JM regions (residues 618-660), we show that the TM domain forms an alpha-helical homodimer mediated by consecutive GxxxG motifs. We find that the APP TM helix is disrupted at the intracellular membrane boundary near the epsilon-cleavage site. This helix-to-coil transition is required for gamma-secretase processing; mutations that extend the TM alpha-helix inhibit epsilon cleavage, leading to a low production of Abeta peptides and an accumulation of the alpha-and beta-C-terminal fragments. Our data support a progressive cleavage mechanism for APP proteolysis that depends on the helix-to-coil transition at the TM-JM boundary... 618 -660) , we show that the TM domain forms an ␣-helical homodimer mediated by consecutive GxxxG motifs. We find that the APP TM helix is disrupted at the intracellular membrane boundary near the -cleavage site. This helix-to-coil transition is required for ␥-secretase processing; mutations that extend the TM ␣-helix inhibit cleavage, leading to a low production of A␤ peptides and an accumulation of the ␣and ␤-C-terminal fragments. Our data support a progressive cleavage mechanism for APP proteolysis that depends on the helix-to-coil transition at the TM-JM boundary and unraveling of the TM ␣-helix.
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The most unusual feature of APP proteolysis is the intramembraneous cleavage by the ␥-secretase complex. The mechanism of proteolysis is of considerable interest because of its role in (i) generating the A␤ peptides associated with Alzheimer's disease and (ii) releasing the AICD involved in APP-dependent gene transcription. Several cleavage sites have been identified that generate different length A␤ peptides. The ␥-cleavage site cuts the APP sequence in the middle of the TM domain to predominantly produce the A␤40 peptide, and to a lesser extent the A␤42 peptide. However, A␤42 has a higher propensity to form aggregates than the shorter isoforms and is the most toxic peptide generated by ␥ cleavage (3). There is another cleavage site (4), referred to as the -cleavage site, a few residues downstream between Leu-645 and Val-646 that has been identified by N-terminal sequencing of the AICD peptide (4) . An open question has been whether the same enzyme activity is responsible for both the ␥and -cleavage sites.
The ␥-secretase complex has a diverse set of type I membrane protein substrates. Notch, Cd44, ErbB4, and E-cadherin are cleaved by the ␥-secretase in vivo. For each of these substrates, truncation of the extracellular domain to just a few amino acids is required to bind to the ␥-secretase complex. These substrates are all cleaved near the intracellular TM-JM boundary. However, like APP, Notch, and Cd44 are also cleaved in the middle of the TM domain, although their sequences are not conserved (see SI).
To address the mechanism of intramembrane proteolysis, we focus on the structure of the TM domain of APP in membrane bilayers. Proteolysis requires local unraveling of the helical secondary structure of the TM domain to expose backbone carbonyl carbons for nucleophilic attack by polarized water in the enzyme active site. This requirement raises the question of whether there are sequence motifs in the TM domain of APP that destabilize the helical structure in cell membranes in a fashion similar to that proposed for the conserved Asn-Pro sequence in the sterol regulatory element binding protein (SREBP), the substrate of the site-2 protease (5) .
There are 2 unusual features of the TM sequence of APP that have the potential to distort or destabilize local helical secondary structure. The first is the high density of ␤-branched amino acids surrounding the A␤40-and A␤42-cleavage sites. The ␤-branched amino acids (Val, Thr, and Ile) are known to have a high propensity for forming extended ␤-structure. Sequential ␤-branched residues can have a destabilizing effect on the secondary structure of TM helices (6, 7) .
The second unusual feature in the TM domain of APP is the high occurrence of glycines upstream of the A␤40-and A␤42cleavage sites. Li et al. (6) have shown that in the aqueous environment of SDS micelles, glycines in TM domains can promote extended secondary structure. In the APP TM helix, glycines may play a role in helix destabilization, particularly within the context of the ␥-secretase complex.
Several of the glycines in the APP TM domain occur in GxxxG motifs. However, rather than destabilizing helical secondary structure, GxxxG motifs within TM sequences are known to mediate helix dimerization (8) . Mutational studies of APP (9, 10) indicate that these GxxxG glycines are important in both dimerization and APP processing. Whereas the mutation of the GxxxG motifs has been shown to significantly decrease the generation of A␤40 (9, 10), the influence on dimerization is less clear. For example, mutation of Gly-625 and Gly-629 to isoleucine diminishes the ability of APP to dimerize (9), whereas mutation of these same residues to leucine leads to SDS-resistant dimers that apparently adopt an interface nonproductive for ␥-processing (10). In contrast, recent studies by Gorman et al. (11) have shown using fluorescence energy transfer that peptides corresponding to the TM domain of APP dimerize and proposed that a GxxxA motif, rather than the GxxxG sequences, mediate dimerization. They found that dimerization influences the ratio of A␤40 to A␤42 produced by the ␥-secretase complex. Consequently, to address the role of the TM sequence in APP processing, not only is it important to establish the secondary structure of APP, but also to determine the helix interface that mediates dimerization.
Solid-state NMR spectroscopy is used to probe the secondary structure and dimerization of the TM domain of APP. Using peptides corresponding to the TM-JM sequence (residues 618-660, APP695 numbering), we target the glycines within the TM domain, and residues at the ␥and -cleavage sites. We find that GxxxG motifs involving Gly-625, Gly-629, and Gly-633 mediate TM helix homodimerization, and that the TM helix breaks at the transition point near the -cut site. Finally, we show that the insertion of 3 consecutive leucines at the transition point in APP695 inhibits cleavage leading to a low production of A␤ peptides and an accumulation of the ␣and ␤-CTFs. The leucine insertion extends the TM domain by 1 helical turn, whereas an insertion of 3 glycines does not, demonstrating that the helixto-coil transition is required for ␥-secretase processing.
Results

TM Region of APP is Helical in Membrane Bilayers.
Glycines and ␤-branched amino acids both contribute to helix destabilization in soluble proteins. As a result, the abundance of these residues within the TM region of APP raises the question of whether the secondary structure is locally unraveled at either the ␥or -cut sites ( Fig. 1A) . Polarized IR spectroscopy can be used to establish the global secondary structure of peptides reconstituted into membrane bilayers. Polarized IR spectra of APP (618-660) exhibit an amide I vibration at 1,657 cm Ϫ1 , a frequency characteristic of ␣-helical structure (Fig. 1B) . Deconvolution of the amide I band of APP (618-660) reveals only a small shoulder at lower frequency (1,630 cm Ϫ1 ). The dichroic ratio of the amide I band is sensitive to the orientation of the TM helix relative to the plane of membrane. The observed dichroic ratio of 3.46 corresponds to a helix orientation of 15.5°relative to the membrane normal (12) . The high dichroic ratio, which provides a way to assess our ability to reconstitute TM peptides in a homogeneous fashion (12) , indicates that the APP (618-660) peptide can be reconstituted into DMPC: DMPG (10:3) bilayers in a stable (nonaggregated) helical TM orientation.
Solid-state NMR spectroscopy can be used to probe local secondary structure. The 13 C magic angle spinning (MAS) NMR spectrum of membrane-reconstituted APP (618-660) containing 1-13 C-Ala-638 and 2-13 C-Gly-634 is shown in Fig. 1C . The observed 13 C NMR resonances correspond predominately to the natural abundance 13 C carbons of the lipids. The 1-13 C resonance of Ala-638 is observed at 175.1 ppm (asterisk), indicative of ␣-helical secondary structure. The Ala-638-Thr-639 peptide bond corresponds to the ␥-cut site for the production of the A␤42 peptide. ␤-structure yields lower chemical shifts in the range of 168-173 ppm (13) . The Val-636-Ile-637 bond corresponds to the ␥-cut site for the A␤40 peptide. The 13 C chemical shifts of the carbonyl carbons at Val-636 (174.8 ppm) and Ile-637 (174.8 ppm) are also characteristic of ␣-helical structure (data not shown).
For glycines, the carbonyl chemical shifts are approximately 172 ppm for helices and 168 ppm for extended ␤-structure (13) . In APP, the carbonyl chemical shifts of the TM glycines are observed at 172 ppm or greater. These results, together with the data presented in Fig. 1 , show that the structure in the region of ␥ cleavage is helical in membrane bilayers and that the TM glycines are not locally unwinding the APP TM helix (see also SI).
Computational Searches of APP-APP Interactions. The ability of APP to dimerize has been suggested by cross-linking and gel filtration (14) , and more recently by FRET (11) and TOXCAT (15) measurements. On the basis of the helical secondary structure observed for the TM domain of APP, we undertook computational searches of low-energy dimer structures involving the TM domain of APP. The strategy behind these searches is described in the SI. Two clusters of low energy dimer structures are typically found in the computational searches of APP dimers. The structures in these clusters have helices with right-handed crossing angles. In the first cluster, the GxxxG motifs mediate dimerization ( Figs.  2A and B) . In the second cluster ( Fig. 2C ), the Gly634xxxAla638 sequence mediates dimerization.
APP TM Helix Forms Homodimers through Sequential GxxxG Motifs.
To test whether any of the low energy dimer structures seen in the computational studies actually occur in membrane bilayers, namely whether the GxxxG or the GxxxA motifs contact one another in the APP TM dimer, solid-state NMR experiments were undertaken of the membrane-reconstituted APP TM domain. Fig. 3A presents the results of NMR measurements between APP TM peptides labeled at Gly-625, Gly-629, and Gly-633. Two peptides were synthesized for these experiments; one with 1-13 C-Gly and the second with 2-13 C-Gly at each of the 3 glycine positions. These resonances have distinct chemical shifts. The 2 peptides were reconstituted in a 1:1 molar ratio. The observation of a 13 C␣… 13 CЈ cross-peak (see boxed cross-peak in Fig. 3A ) in the 2D dipolar-assisted rotational resonance (DARR) NMR experiment indicates that these carbons are in contact. The observation of a contact is highly significant because it indicates that stable and well-defined APP homodimers are present in our reconstituted samples. The dimers must be in a head-to-head orientation and tight association (i.e., little or no monomer). On the basis of the intensity of the interhelical 13 C␣… 13 CЈ contacts observed, we can estimate that Ͼ80% of the dimers are associated in a stable uniform structure (at least in the region of glycine contacts).
To verify the translational position of the glycine residues in the dimer and to address the possibility that the GxxxA sequence mediates dimerization, we undertook DARR NMR experiments on APP (618-660) labeled at individual glycines: Gly-629, Gly-633, and Gly-634. Fig. 3B presents the 2D NMR spectrum obtained using APP peptides reconstituted as before and separately labeled at position 629 with 1-13 C-Gly (peptide 1) and 2-13 C Gly (peptide 2). We observe an interhelical cross-peak between the Gly-629 residues consistent with the packing shown in Figs. 2 A and B. In a similar fashion, we observe a cross-peak in the 2D DARR NMR spectrum of an equimolar mixture of APP peptides containing either 1-13 C-and 2-13 C-Gly at position 633 (Fig. 3C) . In contrast, DARR NMR spectra (Fig. 4D ) obtained in a parallel experiment using APP peptides separately labeled at position 634 with 1-13 C-Gly and 2-13 C-Gly did not exhibit a Gly-Gly peak.
In the 3 experiments above using APP peptides containing individually 13 C-labeled glycines, the peptides also contained The absence of a Gly-634-Gly-634 cross-peak is consistent with the GxxxA motif having a lipid-facing orientation. (E) 1D rows through the glycine cross-peak from (C) (red) and (D) (black). The Gly-633 cross-peak at 44 ppm (red spectrum) is approximately the same intensity as the cross-peaks corresponding to the intramolecular correlations of U-13 C-labeled Val-636 and Ile-641. In contrast, the Gly-634 cross-peak at 44 ppm is much weaker in intensity than the nearby intramolecular cross-peaks from Ile-637. The resonance at 175 ppm corresponds to the diagonal C ϭ O resonance in the 2D spectrum. Spectra in (A) and (C) were obtain at carbon frequency of 90 MHz and the peaks at 65 ppm correspond to a spinning sidebands. Spectra in (B) and (D) were obtained at a carbon frequency of 150 MHz and the peaks at 105 ppm correspond to spinning sidebands. The remaining peaks in (B-D) correspond to Ile and Val intramolecular correlations. uniformly 13 C-labeled Val-640 ( Fig. 3B ), Val-636 and Ile-641 ( Fig. 3C) , and Ile-637 ( Fig. 3D ) for solution NMR measurements (not discussed here). The intraresidue 13 C-13 C cross-peaks from these residues serve as internal controls for the DARR NMR measurements. Fig. 3E presents a comparison of the rows through the carbonyl diagonal resonance in Figs. 3C and D. The intermolecular Gly-Gly cross-peak between the Gly-633 13 C labels has an intensity that is comparable with the intraresidue cross-peaks. The strong intensity indicates the Gly-633 CH 2 and C ϭ O groups are in van der Waals contact across the dimer interface, suggesting the presence of a C␣-H … O hydrogen bond (16) .
TM Helix of APP Breaks at the Cytoplasmic Membrane Surface. The sensitivity of the 13 C chemical shifts to secondary structure allows us to determine whether there is a change in the local structure around the -cut site (Leu-645-Val-646). In Figs. 4A-D, we compare the 13 C MAS NMR spectra of APP (618-660) specifically 13 C-labeled at Leu-645, Val-646, Met-647, and Leu-648. The bold lines correspond to the lipid-reconstituted peptide; dotted lines correspond to lipid alone. The 13 C MAS NMR spectrum of Leu-645 exhibits 2 resonances at 175.0 and 172.1 ppm (Fig. 4A) , assigned to the backbone 13 C ϭ O of Leu-645 and the lipid C ϭ O, respectively. The 13 C chemical shift indicates that Leu-645 is in ␣-helical secondary structure. Comparison of the Leu-645 spectrum with the spectra of Val-646-Leu-648 shows that the peptide carbonyl resonances shift to lower frequency, characteristic of random coil structure.
The above data indicate that there is a break in helical secondary structure near the -cut site at the TM-JM boundary. Nicholson and coworkers have previously shown that the Nterminal residues of the isolated JM domain of APP are unstructured in solution and suggested that the transient local structure and prolyl cis/trans isomerization induced by phosphorylation at Thr-668 may function as a regulatory switch (17, 18) .
Finally, we obtained the carbonyl chemical shifts at the ␥and -cut sites of Notch1 to show that a helix-to-random coil transition at the position of the -cut sites is also observed in this ␥-secretase substrate (Figs. 4F-J). Notch1 (TM residues 1,720-1,760) was membrane reconstituted in a fashion parallel to that for APP (618-660), and exhibited a helical amide I vibration at 1,654 cm Ϫ1 with a dichroic ratio of 3.3. The NMR data indicate that the local structure of the TM domain at the ␥or S4-cut site (Ala-1,731) is helical and there is a helix break in the region of theor S3 cut site (Leu-1,744). Previous studies have shown that the Notch TM domain is dimeric (15) , indicating that both the secondary structure and oligomerization state are similar to that in APP.
Extension of the APP TM Helix Leads to an Accumulation of CTFs.
To test the proposal that the secondary structure at the TM-JM boundary is critical for APP processing, we present data on APP with 2 insertions at the intracellular TM-JM boundary. The insertion of 3 leucines before the intracellular KKK sequence (APP 3L) is designed to extend the length of the TM helix. The insertion of 3 glycines (APP 3G) should maintain the helix break point as in the wild-type protein (Fig. 4A ). To verify that the 3L insertion extended the ␣-helical structure at the TM-JM boundary, whereas the 3G extension retained the helix-to-coil transition, 13 C MAS NMR spectra were obtained of APP TM peptides containing the 3L and 3G inserts, and labeled at position 648 with 1-13 C leucine. The carbonyl chemical shifts of the 3L and 3G peptides observed in Fig. 4E clearly indicate that the TM helix has been extended only with the 3L insertion.
The APP mutants were expressed in Chinese Hamster Ovary (CHO) cells. The insertion of 3G or 3L did not alter APP expression. The production of s␣APP, an indicator of nonamyloidogenic processing, was not impaired in cells expressing APP 3L or APP 3G (Fig. 5A) . Strikingly, significant accumulation of APP C-terminal fragments, mainly ␣CTF, occurred in cells expressing APP 3L and to a lesser extent in cells expressing APP 3G (Fig. 5B ). In the context of unmodified ␣ cleavage, the accumulation of ␣CTF is likely a result of an impairment of the ␥ cleavage of C-terminal fragments. This result was confirmed by the quantification of extracellular A␤40. The release of A␤40 (normalized to s␣APP) decreased by 70% in cells expressing APP 3L (Fig. 5C ). We next analyzed AICD production in these cells (Fig. 5D ). AICD results from the cleavage at the position performed by the ␥-secretase complex. Treatment with DAPT, a ␥-secretase inhibitor (19) , led as expected to the inhibition of AICD production and the strong accumulation of CTFs in cells expressing APP (Fig. 5E ). Importantly, there was no AICD detected in cells expressing APP 3L and the DAPT treatment had only weak effects on the accumulation of CTFs as compared with wild type APP ( Fig. 5D and E, respectively) .
Discussion
The molecular mechanism of intramembrane proteolysis is not well understood. Proteolysis by aspartyl proteases is mediated by water and requires local unraveling of helical TM secondary structure to expose a backbone carbonyl. Here, we have characterized the structure of the TM-JM regions of the APP protein in membrane bilayers to gain insight into how ␥-secretase catalyzes proteolysis. Fig. 6 presents the structure of the APP TM dimer. The -cut site lies at the boundary between the hydrophobic core and the polar head group region of the bilayer, whereas the ␥-cut site is at the bilayer center. The TM dimer structure is consistent with the cleavage site being the sole active site in the ␥-secretase complex and with proposals for progressive cleavage from theto the ␥-cut site (20) 
The progressive cleavage model is consistent with 1) the detection of A␤ peptides with lengths intermediate between A␤49 ( cleavage) and A␤42 (␥ cleavage) (21, 22) , 2) measurements of equimolar production of A␤ and AICD (23) , and 3) the fact that it has not been possible to detect longer AICD peptides that would be expected if ␥ cleavage occurs before cleavage (23, 24) . Indirect support for the progressive cleavage model comes from sequence comparisons of ␥-secretase substrates, where the only common motif that these substrates share is the sequence of basic and hydrophobic amino acids at the TM-JM boundary. Alternative models have been proposed on the basis of FAD and other mutations, where the ␥and -secretase activities may be associated with different presenilin complexes (25, 26) . In this case, one must imagine that presenilin unravels the TM ␣-helix in a sequence independent manner within the middle of the TM domain to generate the ␥ cleavage.
There is not yet a high-resolution crystal structure for the ␥-secretase complex. However, the structures of 2 intramembrane proteases provide insights into how the ␥-secretase may function. In both the rhomboid protease (27) and site-2 protease (28), the substrate cleavage site is not in the middle of TM helix, but just 3-4 amino acids from the TM-JM boundary as in APP. The cut site on the SREBP protein is found 3 residues into the TM domain, immediately before a required charged cytoplasmic Asp-Arg-Ser-Arg sequence (29) . To accommodate cleavage, the substrate has an extended structure at the TM-JM boundary and the catalytic residues are accessible to water. Moreover, the SREBP substrate contains a conserved Asn-Pro sequence (5) within the middle of the TM helix that may allow the peptide to unwind in a fashion during proteolysis, as suggested for the TM glycines in APP.
In addition to the break in helical secondary structure at the TM-JM boundary, dimerization of the TM domain may be a common feature of ␥-secretase substrates (9-11, 15, 18) . The role of dimerization of APP and other ␥-secretase substrates in proteolysis, however, remains controversial. Based on mutational studies, Munter et al. (9) concluded that dimerization facilitates A␤42 production. In contrast, several studies have indicated the opposite. Gorman et al. (11) using FAD mutants and our studies (10) using TM glycine mutants found that increased dimerization can reduce the A␤42/A␤40 ratio. One possibility is that helix orientation within the TM dimer, and the strength of dimerization, controls APP processing. We have determined the orientation of the TM helices in the wild-type APP TM dimer ( Figs. 2 A and B, and 6) , where GxxxG motifs (rather than the GxxxA sequence) mediate dimerization. However, it will be necessary to correlate the detailed structures of the TM and JM regions of APP mutants with the generation of different length A␤ peptides to fully address the influence of structure on processing.
The structural model in Fig. 6 shows the APP TM dimer with a break in helical secondary structure at the TM-JM boundary. To show that the helix-to-coil transition is required for APP processing of full length APP by the ␥-secretase complex, we inserted 3 additional leucines at the TM-JM boundary to extend the TM helix without changing the TM region mediating dimerization. The 3L insertion was found to block APP processing by ␥-secretase, whereas the processing of APP with the GGG insertion was similar to the WT protein. The lack of ␥ and cleavage of the 3L mutant of APP is consistent with the requirement that the TM domain must be locally unstructured for proteolysis and that there is only a single cleavage site at the TM-JM boundary.
Materials and Methods
Materials. 13 C-labeled amino acids were purchased from Cambridge Isotope Laboratories. Other amino acids and octyl-ß-glucoside were obtained from Sigma Chemical. DMPC and DMPG were obtained from Avanti Polar Lipids as lyophilized powders and used without further purification.
Peptide Synthesis and Purification. Peptides corresponding to the TM and JM regions of APP (Glu-618-Val-660) and Notch1 (Pro-1,720-Pro-1,760) were synthesized by solid-phase methods. The C terminus was amidated and we added an N-terminal lysine to prevent head-to-tail dimerization. The synthetic pep- tides were purified by reverse phase HPLC on a C4 column with a gradient of formic acid/1-propanol (4:1) over formic acid/water (2:3). The purity was confirmed with MALDI mass spectrometry and analytical reverse phase HPLC.
Reconstitution of Peptides into Membrane Bilayers.
The APP and Notch1 peptides were cosolubilized in DMPC, DMPG and octyl-␤-glucoside in hexafluoroisopropanol. The peptide:lipid molar ratio was 1:50; the molar ratio between DMPC:DMPG was 10:3. The solution was incubated for 90 min at 37°C, after which the solvents were removed under a stream of argon gas and then under vacuum. Mes buffer (50 mM Mes, 50 mM NaCl, and 5 mM DTT, pH 6.2) was added to the solid from the previous step and mixed at 37°C for 6 h. The octyl-ß-glucoside was removed by dialysis (12) . The reconstituted membranes were pelleted and loaded into NMR rotors.
ATR-FTIR Spectroscopy. Polarized attenuated total reflection (ATR) FTIR spectra were obtained as previously described (12) . We use a value of ␣ ϭ 41.8°b ased on parallel measurements on bacteriorhodopsin (12) .
Solid-State NMR Spectroscopy. NMR experiments were performed on either a 360 or 600 MHz Bruker AVANCE spectrometer. The MAS spinning rate was set to 9 -11 KHz. The ramped amplitude cross polarization contact time was 2 ms. Two-pulse phase-modulated decoupling was used during the evolution and acquisition periods with a field strength of 80 kHz. Internuclear 13 C… 13 C distance constraints were obtained from 2D DARR NMR experiments (30) using a mixing time of 600 ms. The sample temperature was maintained at 205 K.
Cell Culture, Transfection, and APP Expression. Plasmids expressing APP and the APP 3L and 3G mutants were generated by PCR overlap extension as previously described (10) . The cells used were CHO cells lines. For transient transfection, cells were seeded at a density of 3.10 5 cells per cm 2 24 h before transfection (2 g plasmid per well) with Lipofectamine™ according to manufacturer's instructions (Invitrogen). Cells were harvested 48 h after transfection and Western blot analysis was performed on cell culture media or cell lysates (10, 31) . Primary antibodies used were the human-specific WO-2 antibody (The Genetics Company) and the C17 antibody directed against the APP C terminus (32) . Quantification of APP and the C-terminal fragment were performed by direct acquisition of chemiluminescence on a ChemiDoc device (Bio-Rad). Human A␤40 was quantified in the culture media by fluorescent sandwich ELISA (BioSource).
Statistical Analysis. The number of samples (n) in each experimental condition is indicated in the Fig. 5 legend. When two experimental conditions were compared, statistical analysis was performed using an unpaired t test. Otherwise, statistical analyses were performed by 1-way ANOVA followed by Bonferroni's multiple comparison posttest.
